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because	 the	 net	 amount	 of	 acquired	 resources	 scales	 positively	
with	body	size	(Kozlowski,	2006;	Peters,	1983).	In	an	aseasonal	en-
vironment,	maximal	fitness	is	reached	by	determinate	growers	that	
instantaneously	 switch	 the	 allocation	 of	 resources	 from	 growth	




Kapustka,	 &	 Kozłowski,	 2010;	 Ejsmond,	 Varpe,	 Czarnoleski,	 &	
Kozłowski,	2015;	Kozłowski,	1999).	Whereas	multiple	growth	phases	
occur	 throughout	 the	 lives	of	perennial	 fish,	crustaceans	and	mol-
lusks	 (Dillon,	2000;	Folkvord	et	al.,	2014;	Holmgren,	2003;	Wada,	
Oba,	 Nakata,	 &	 Ito,	 2008),	 annual	 plants,	 cladocerans	 and	 many	







Several	 studies	 in	 life‐history	 theory	predict	 the	growth	of	 re-
producing	organisms,	but	these	studies	are	often	founded	on	sim-
plifying	assumptions	 that	may	alter	 the	generality	of	 the	 reported	
findings.	For	example,	 growth	after	maturity	 and	mixed	allocation	
were	 suggested	 to	 evolve	 in	 annual	 plants	 and	 cladocerans	 as	 an	
adaptive	 response	 to	mortality	 rate	or	 season	 lengths	 that	 fluctu-
ate	on	 a	 per	 generation	basis	 (Gurney	&	Middleton,	 1996;	King	&	
Roughgarden,	1982;	Taylor	&	Gabriel,	1993;	Wong	&	Ackerly,	2005).	
A	fluctuating	environment	selects	against	an	instantaneous	switch-
ing	 from	growth	to	 reproduction	because	 the	production	of	a	 low	
number	 of	 offspring	 in	 some	 years	 drastically	 reduces	 the	 overall	
geometric	mean	fitness	(Lewontin	&	Cohen,	1969).	Mixed	allocation	
















plausible	 for	 plants,	 it	 cannot	 be	 applied	 to	 the	majority	 of	 inde-
terminately	 growing	 animals.	 The	proportional	 (linear)	 relationship	
between	 fecundity	 or	 mortality	 risk	 with	 reproductive	 allocation	
promotes	a	 ‘bang‐bang’	switch	between	growth	and	reproduction.	
However,	 the	mixed	 allocation	 can	 be	 adaptive	 when	 birth	 rates,	
death	 rates	or	 both	 scale	 nonlinearly	with	 reproductive	 allocation	
(for	details	see.	Johansson,	Brannstrom,	Metz,	&	Dieckmann,	2018;	
Leon,	1976;	Sibly,	Calow,	&	Nichols,	1985;	Taylor,	Gourley,	Lawrence,	
&	 Kaplan,	 1974).	 This	 general	 hypothesis,	 deriving	 growth	 tactics	




to	 our	work,	 the	 aforementioned	 life‐history	 literature,	 as	well	 as	
taxa‐specific	 studies	 reviewed	 in	 the	 discussion	 below,	 unrealisti-
cally	 assumes	 that	 growth	 tactics	 evolve	 in	 spatially	 homogenous	
environments.
Many	 short‐lived	 indeterminate	 growers	 evolve	 in	 metapopu-
lations	of	dynamic	 spatiotemporal	 structure.	Plant‐pathogen	 inter-
actions	can	produce	a	dynamic	mosaic	of	populations	that	undergo	




organisms	 are	 capable	 of	 colonizing	 large	 water	 bodies	 but	 also	
temporary	 fishless	ponds	 (Ebert,	2005).	Similar	structure	of	meta-











with	 larger	 body	 size	 but	 only	 if	 conditions	 are	 safe	 (Kozlowski,	
2006).	Spatial	variability	in	mortality	risk	imposes	a	dilemma	on	the	
adopted	growth	strategy	as	well	as	on	the	age	and	size	at	maturity	
of	 dispersing	 individuals.	 Our	 life‐history	 model	 investigates	 the	
growth	strategy	of	a	short‐lived	organism	that	evolves	in	a	spatially	
structured	metapopulation.
In	 many	 adult	 fish,	 reptiles,	 cladocerans	 and	 plants,	 and	 also	
some	mammals,	 the	growth	 rate	can	periodically	drop	 to	zero,	 re-
main	constant,	or	accelerate	at	certain	periods	of	life	(Bogin,	1999;	
Folkvord	et	 al.,	 2014;	 Laver	et	 al.,	 2012;	 Lynch,	1980;	Murugan	&	
Sivaramakrishnan,	 1973;	 Rideout,	 Rose,	 &	 Burton,	 2005;	 Sheehy	
et	al.,	2004;	Xu	et	al.,	2016).	Complex	shapes	of	growth	curves	are	
routinely	 associated	 with	 adverse	 conditions	 or	 sex	 reallocation	
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in	hermaphroditic	 species	 (e.g.	Higgins,	Diogo,	&	 Isidro,	2015).	An	
alternative	 explanation	 links	 complex	 growth	 patterns	 with	 adap-
tive	consequences	of	multiple	 shifts	 in	 the	allocation	of	 resources	
to	 growth	 and	 reproduction	 (Kozlowski,	 2006).	 Complex	 shapes	













Murugan	&	 Sivaramakrishnan,	 1973).	Whereas	 it	 is	 optimal	 to	 ac-
celerate	 growth	 in	 the	 juvenile	 stage	 to	 compensate	 for	 adverse	
conditions	experienced	in	young	ages	(Dmitriew,	2011),	the	adaptive	




Here,	we	model	 the	 evolution	 of	 growth	 strategies	 in	 a	meta-
population	that	is	spatially	structured	with	respect	to	mortality	risk.	
Because	a	reliable	estimate	of	the	risk	of	death	by	an	individual	may	
be	 elusive	 in	 natural	 environments,	 the	 only	 available	 information	
for	organisms	 in	 the	model	 is	 the	 fact	of	 staying	alive.	To	account	
for	the	fact	that	some	indeterminate	growers,	for	instance,	cladoc-
erans,	 enlarge	 their	 body	 sizes	 only	when	 changing	 exoskeletons,	
our	model	considers	a	gradient	of	life	histories	differing	with	respect	
to	the	time	interval	between	subsequent	moults.	However,	we	also	
included	 scenarios	 that	 approximate	 continuous	 growth.	Our	 sim-
ulations	 show	 that	 heterogeneous	 environments	 with	 respect	 to	
mortality	risk	can	select	for	growth	accompanying	reproduction	and	
complex	growth	curves.
2  | MATERIAL S AND METHODS
2.1 | The model
The	 presented	 model	 investigates	 the	 growth‐reproduction	
trade‐off	in	a	short‐lived	organism	(e.g.	an	invertebrate	or	annual	
plant)	 in	which	maturation	does	not	preclude	 further	 growth.	 In	
our	 individual‐based	 simulations,	 growth	 strategies	 evolve	 in	 a	
spatially	 heterogeneous	 environment	 with	 respect	 to	 mortality	




sites	SR,	with	 the	 frequency	of	 safe	 sites	 given	by	1‐SR.	We	also	
consider	homogenous	environments	with	SR = 0 and SR = 1.	Both	
types	of	environments	 are	 characterized	by	a	 site‐specific	back-
ground	mortality	rate	per	generation,	mR	for	risky	and	mS	for	safe	
environments.	The	species’	generations	are	divided	into	n	discrete	












females	 that	bear	 the	same	allocation	strategy	can	 live	 in	differ-
ent	kinds	of	sites.	The	model	assumes	that	 in	neither	of	the	two	






Every	 generation	 is	 divided	 into	 n	 discrete	 time	 episodes	 in	




mollusks,	growth	 is	 continuous.	 In	 the	model,	 the	 rate	of	alloca-




i +	1.	Similarly,	eggs	produced	over	 the	episode	 i	are	 released	at	
the	end	of	that	time	episode.	The	number	of	considered	time	ep-
isodes	n	per	generation	varies	from	10,	representing	life	histories	
















k = 20	 in	the	examples	presented	below.	The	qualitative	predictions	




































allowed	us	 to	model	 the	evolution	of	growth	strategies	without	 the	








in	 safe	and	 risky	places.	The	probabilities	of	getting	 into	 safe	or	
risky	 site	 are	equal	 to	 the	proportion	of	 risky	 (SR)	 and	 safe	 sites	
(1‐SR)	in	the	environment.	We	assume	no	egg	mortality	which	leads	





in	order	 to	maintain	a	variation	of	 strategies	 in	a	population	but	
also	 to	 keep	 feasible	 computation	 times.	 Simulations	were	 initi-
ated	with	vector	αi = 0.5	for	all	time	episodes	i,	but	the	conclusions	
of	 our	work	 do	 not	 change	when	 the	 initial	 vector	α	was	 set	 to	







The	 final	evolutionary	outcome	of	 simulations	 run	 in	homogenous	
environments	 is	 a	 resource	 allocation	 strategy	 that	 consists	 of	 a	
well‐defined	 growth	 phase	 early	 in	 life	 and	 reproduction	 thereaf-
ter	 (Figure	1a).	The	duration	of	the	growth	period	depends	on	the	
mortality	risk,	with	larger	body	size	attained	in	environments	char-
acterized	 by	 a	 low	 risk	 of	 death	 (Figure	 1b).	 Allocation	 decisions	
with	αi < 0.9 and αi	>	0.1	were	indistinguishable	from	pure	growth	
(αi = 1)	and	pure	reproduction	(αi = 0)	due	to	the	persisting	variabil-










A	mixture	of	 two	 types	of	 sites,	namely,	 risky	and	 safe,	with	
probabilities	of	an	episode	survival	pR and pS,	can	select	for	mixed	
allocation.	 The	 mixed	 allocation	 occurs	 even	 though	 at	 each	 of	
these	 two	 types	 of	 sites	 a	 ‘bang‐bang’	 switching	 results	 in	 the	
highest	expected	offspring	production	 (Figure	2a,b).	Such	simul-
taneous	allocation	to	growth	and	reproduction	 is	optimal	 in	het-
erogeneous	 environments	 in	which	 the	 proportion	 of	 risky	 sites	
SR	 is	 high	 (Figure	2c).	When	 the	proportion	of	 risky	 sites	 is	 low,	
females	that	are	adapted	to	safe	sites,	that	is,	determinate	grow-
ers	that	mature	late	and	at	a	large	size	(cf.	Figure	1),	produce	the	
prevailing	 proportion	of	 recruits.	 In	 turn,	 the	 strategies	 adapted	
to	 safe	 sites	 over‐compete	 strategies	with	mixed	 allocation	 that	
bet‐hedge	 offspring	 production	 in	 safe	 and	 risky	 environments.	
The	strength	of	selection	 for	mixed	allocation	depends	 in	a	sim-
ilar	manner	on	the	difference	between	survival	prospects	at	safe	
and	 risky	 sites	 (Figure	 2c	 and	 Figure	 S4	 in	 Appendix	 S1).	 If	 the	
survival	 chance	of	 one	 time	episode	 is	 very	high	 at	 safe	 sites	 in	
comparison	to	risky	ones,	natural	selection	promotes	females	that	
abruptly	 switch	 to	 reproduction	 late	 in	 life	 and	 after	 reaching	 a	
large	 body	 size	 (Figure	 1).	 In	 turn,	 safe	 sites	 become	 the	 domi-
nant	 source	 of	 recruits.	 However,	when	 risky	 and	 safe	 sites	 are	
similar	with	 respect	 to	mortality	 risk,	 natural	 selection	 operates	
similarly	as	in	homogenous	environments	where	mixed	allocation	
is	selected	against	(Figure	2c).	In	other	words,	the	mixed	allocation	
to	 growth	 and	 reproduction	 is	 selected	 for	when	 the	 degree	 of	
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In	 heterogeneous	 environments	 that	 select	 for	mixed	 alloca-
tion,	 the	degree	 to	which	 females	 accompany	 reproduction	with	





concave	 upward	 growth	 curves	 in	 Figure	 3d).	 A	 female	 that	 has	
survived	 initial	 time	 episodes	 faces	 the	 dilemma	 of	 whether	 to	
keep	growing	or	 allocate	 to	 reproduction,	 and	 the	only	 available	
information	about	risk	is	the	fact	that	she	is	still	alive.	Females	that	
exhibit	complex	growth	are	first	pessimistic	about	their	prospects	
and	mature	 early.	By	 living	 longer	 they	become	optimistic	 about	
local	conditions,	thus	allocation	to	growth	accelerates	in	the	mid-
dle	of	their	life	span	(Figure	3b,d).	Females	accelerate	their	growth	




continuous	 reproduction,	 allow	 females	 to	 make	 the	 allocation	
decisions	 frequently	 in	 life;	 the	mixed	allocation	 remains	optimal	
but	allocation	to	growth	tends	to	only	decrease	over	the	adult	life	
(Figure	4e,f).
Growth	 strategies	with	 simultaneous	 allocation	 to	 growth	 and	
reproduction,	including	those	with	allocation	to	growth	accelerating	
in	the	middle	of	life	span,	can	evolve	also	in	more	complex	environ-

































time	episode	pR = pS	and	the	mortality	rate	per	generation	mR = mS	(italics).	Allocation	strategies	and	growth	curves	are	presented	for	time	
episodes	to	which	organisms	survive	with	a	probability	>0.005.	The	presented	allocation	strategies	are	median	values	calculated	across	20	
simulation	replicates
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Growth	rate	in	the	modelled	females	varies	throughout	life	with	pe-










to	 perceive	 information	 about	 a	 determinant	 of	 vital	 rates	 can	 be	
elusive.	Whereas	 food	 availability	 or	 thermal	 conditions	 translate	
to	clear‐cut	physiological	signals,	mortality	risk	 is	much	more	diffi-
cult	 to	be	assessed	 for	an	organism,	 in	particular	when	variable	 in	
space	 or	 time.	 However,	 individual	 life	 histories	 of	 short‐lived	 in-
determinate	growers	can	be	altered	by	cues	of	predator	presence,	
as	for	example,	mechanical	and	visual	stimuli,	predator‐derived	kai-
romones	 or	 chemical	 odours	 of	 consumed	 prey	 (e.g.	 Czarnoleski,	
Muller,	 Kierat,	 Gryczkowski,	 &	 Chybowski,	 2011;	 Lass	 &	 Spaak,	
2003;	 Ślusarczyk	&	Rygielska,	2004).	Mortality	 rate	 is	 an	 additive	












as	 the	 great	 majority	 of	 plants	 synthesize	 defensive	 chemicals	
F I G U R E  2  Optimal	allocation	strategies	and	resulting	resource	allocation	patterns	in	homogenous	and	heterogeneous	environments.	(a)	
In	a	heterogeneous	environment,	the	mixed	allocation	is	selected	for	(red	squares),	whereas	homogenous	environments	select	for	a	‘bang‐
bang’	switching	(green	triangles	and	black	diamonds).	(a,	b)	The	shaded	area	depicts	simultaneous	allocation	to	growth	and	reproduction.	












grow	 indefinitely,	 and	 age‐specific	 mortality	 drops	 throughout	
life	towards	a	constant	value	(Engen	&	Saether,	1994).	However,	
the	generality	of	the	finding	by	Engen	and	Saether	 (1994)	 is	un-





short‐lived	 amphipods	 and	 other	 crustaceans	 that	 grow	 after	
maturation	 evolve	 in	metapopulations	 that,	 similar	 to	 the	mod-




risky	 and	 safe	 sites.	 However,	 growth	 accompanying	 reproduc-
tion	evolves	also	 in	more	complex	environments	 that	 consist	of	




tion	of	 resources	 and	mortality	 risk	 increase	 along	with	body	 size	






in	 planktonic	 crustaceans	 can	 be	more	 complex.	 Large	 individuals	
can	be	selectively	predated	 in	amphipods	 (Wellborn,	1994),	but	 in	
fast‐swimming	marine	copepods	older,	and	thus,	 larger,	 individuals	
are	subjected	 to	 the	 lowest	mortality	 risk	on	an	 intraspecific	 level	
(Eiane,	Aksnes,	Ohman,	Wood,	&	Martinussen,	2002;	Ohman,	2012;	
Ohman	&	Wood,	 1996).	 The	 size	 dependence	 of	mortality	 risk	 in	
aquatic	environments	may	also	depend	on	the	type	of	predator,	with	
visual	 and	 tactile	 predators	 being	 expected	 to	 select	 for	 opposed	
F I G U R E  3  Allocation	strategies	and	resulting	growth	curves	in	heterogeneous	environments.	(a,	b)	Resource	allocation	between	growth	
















curves	 of	 cladocerans,	 including	 those	 raised	 in	 laboratory	 condi-
tions,	can	be	complex	with	periodic	 termination	or	acceleration	of	
F I G U R E  4  The	effect	of	the	number	of	time	episodes	per	generation	on	the	simultaneous	allocation	to	growth	and	reproduction.	(a–f)	






episodes	per	generation.	(a–f)	The	mortality	rate	per	generation	in	risky	and	safe	sites	equals	mR = 7.86	and	mS = 3.25,	respectively.	This	
corresponds	to	the	following	probabilities	of	surviving	one‐time	episode:	(a)	pR = 0.456,	pS = 0.722;	(b)	pR = 0.675,	pS = 0.85;	(c)	pR = 0.822,	
pS = 0.922	and	(d)	pR = 0.906,	pS = 0.960.	The	presented	strategies	are	median	values	calculated	across	100	simulation	replicates.	Allocation	
strategies	are	presented	for	time	episodes	to	which	organisms	survive	with	a	probability	>0.005







of	 individual	 growth	 curves	 (von	 Bertalanffy,	 1957;	 Czarnołęski	 &	
Kozłowski,	1998;	Marshall	&	White,	2019).	Models	assume	that	the	ju-
venile	phase	of	growth	is	followed	by	an	adult	phase	of	growth	during	















Cladocerans	 that	 enlarge	 their	 body	 size	 by	 changing	 exoskeleton	
through	moulting	(Ebert,	2005;	Lynch,	1980)	indeed	display	complex	





To	 conclude,	 spatial	 heterogeneity	 with	 respect	 to	 mortality	
should	be	added	to	the	list	of	factors	that	shape	growth	strategies	




during	 life	 can	 accelerate	 the	 allocation	 to	 growth	 as	 an	 adaptive	
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